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INTRODUCTION
The microindentation technique for measuring adhesion of thin coatings consists ofloading a coated surface with an indenter (ball or Vickers) until a critical load is reached to initiate an interface crack. Further loading of the indenter causes this interface crack to grow in a stable fashion. Thus the microindentation technique is unique in its ability to examine both the initiation and propagation stages of interfacial fracture. In a recent paper I the current authors developed a methodology for determining the interfacial shear stress to initiate debonding, i.e., interfacial shear strength, based on the measurement of the critical indenter load for initiating the interfacial crack.
The purpose of this paper is to present an analysis for determining the interfacial fracture energy based on the stable growth of the indentation-induced debond crack. A Griffith energy balance approach2 is used to develop equations for determining interfacial fracture energy based on measurements of the debond crack size as a function of indenter load. A finite-element analysis is presented to verify the analytical model and give information on the relative amounts of opening and shear loadings at the crack tip. The results are compared to results obtained by the double-cantilever-beam method 2 -4 and the four-point flexure-beam technique.
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EXPERIMENT
The coated specimens for this study consisted of epoxy coatings (DGEBA epoxy resin with polyamide hardener) on soda-lime glass substrates. This coating/substrate combination was transparent, allowing direct observation of the debond crack during and after indentation. Prior to coating, the substrates were annealed at 520 ·C for 24 h and cleaned in a ultrasonic methanol bath. The coatings for the indentation tests were deposited by a doctor blade technique to thicknesses ranging from 16 to 200 pm. Curing was at room temperature as suggested by the manufacturer.
The indentation experiments were done with a Vickers indenter. The indenter was attached to a load cell which was bolted to the bottom of a universal testing machine crosshead. Specimens were placed coating side up on the stage of an inverted microscope that was positioned underneath the indenter to allow in situ viewing of the indentation. Indentations were made with a crosshead speed of 0.5 mm/min. A video recorder system was used to obtain indenter load versus debond crack size during the loading portion of the indentation cycle. Double-cantilever-beam specimens [ Fig. 1 (a) 1 were fabricated with glass plates that had dimensions of 75 mm long by 12.5 mm wide by I mm thick. The 75 mm by 1 mm faces were polished with a cork belt and glued together with the epoxy adhesive to form the specimens. Note that the specimens were annealed after polishing and before gluing. A pair of holes were drilled at the end of each specimen to facilitate loading by a Universal testing machine. Precracks were put into the specimens by placing the specimens on a flat surface and applying a point load to the bondline near the loading holes. The precracks had lengths ranging from! to ~ the length of the specimens. The specimens were loaded with a crosshead speed of 5 mm/min, and the failure loads were measured. The interfacial fracture energy was then calculated with the following equation'.4:
Egt~w where G, is the fracture energy, t is the specimen thickness, 211' is the total specimen width, E" is the elastic modulus of glass (70 G Pa), L is the precrack length, and P e is the fracture load.
For the four-point flexure-beam specimens, two annealed glass plates are glued together with the epoxy adhesive as shown in Fig. \ (b) . The glass plates were 18.5 em long by 2.5 em wide. For two of the specimens, the glass plates were 5.5 mm thick, and for a third specimen the plates were 3 mm thick. After the epoxy adhesive had hardened, the edges of the specimens were ground with a belt sander to ensure that fillets of epoxy on the edges did not effect the crack growth behavior. The specimens were precracked by scribing a notch in the top layer of glass. Upon loading the specimen in three-point bending, a crack propagated downward from the notch and then branched symmetrically into the interface before arresting. The total length of the interfacial crack was controlled to be about S times the thickness of the upper glass plate. The precracked specimen was then placed in a four-point bending fixture (outer span = 10.2 em and inner span = 6.4 em) with the precracked side of the specimen on the tensile side and the interfacial crack tips within the inner loading span. Using a crosshead speed ofO. I mm/min, the load for interfacial crack propagation was measured and the interfacial toughness was calculated based on' (2) where P, is the crack propagation load, I is one-half the dif-3292 J. Appl. Phys. Vol. 67, No.7, 1 April 1990 ference between the inner and outer spans of the four-point bend fixture, w is the width of the glass plates, 12 is the moment of inertia of the single uncracked-beam, and Ie is the moment of inertia of the composite beam. The moment of inertia of the uncracked-beam is 12 = wt 3/12, and the moment of inertia of the composite beam is Figure 2 shows a typical sequence of optical micrographs for a lOS-Jim epoxy coating being indented with a Vickers indenter. It is seen that the debond crack forms in an annular region surrounding the central contact zone and extends stably during the loading portion of the indentation cycle. The cracks always extended in a smooth and continuous fashion with increasing indenter loads, and the deformations underneath the indenter were predominantly plastic since a permanent indent impression was left on unloading. Figure 3 (a) contains a schematic of this indentation debonding. The deformations in the coating result in a radial stress underneath the indenter, which pushes outward on the surrounding debonded portion of the film.
ANALYSIS
An expression for the strain energy release rate can be obtained following Thouless 6 by modeling the debonded portion of the coating as an annular plate with plane stress conditions in the axial direction. Note that residual stress in and buckling of the coating are not accounted for in this model. We found that the epoxy coating had negligible residual stress, and a stability analysis of an annular plate shows that buckling does not occur. ter of the debond crack (r = c) and a fixed radial stress (T rb at the inner diameter of the debond crack that is at the outer edge of the contact zone (r = b). The zero-displacement boundary condition corresponds to the constraint provided by the surrounding adhered portion of the coating and the fixed stress corresponds to the pressure exerted by the central contact zone. The resulting stress distributions in the debonded portion of the coating are
where b is the indenter contact radius, c is the crack radius, r is the radial position, the SUbscripts rand e refer to the radial and circumferential directions, a is (1 -Ve )/( 1 + v e ), and
Ve is Poisson's ratio of the epoxy coating. The strain energy in the plate ( U) is found by evaluating the following integral over the volume of the plate:
where Ee is the elastic modulus of the epoxy coating. The strain energy release rate (G) (or the amount of energy available to form the two new surfaces as the crack extends) is found by differentiating the strain energy with respect to crack area,6 with the result being
To determine G in terms of the indenter load P, rather than the indenter contact radius b, it will be assumed that the coating has a constant hardness, hence b = (P /2H) 1/2. The radial stress at r = h, (T,b' is found by applying the Tresca yield criteria to the plastically deformed contact zone. The vertical stress in this contact zone is equal to the mean in- 3293 J. Appl. Phys., Vol. 67, No.7, 1 April 1990 denter contact pressure, taken to be the hardness of the coating' H. 
Equation (6) gives the critical strain energy release rate for crack propagation, i.e., the interfacial fracture energy Gel when measured values of crack size as a function of indenter load are used. If Hand G c are independent of indenter load and crack length, Eq. (6) predicts that crack length should be proportional to the indenter load to the! power.
To further understand the crack driving forces, finiteelement analysis was applied to the annular plate model depicted in Fig. 3(b) . The analysis was performed with the ANSYS finite-element program using eight-noded isoparametric elements. The axisymmetric mesh used for this analysis is shown in Fig. 4 . The applied stress and displacement boundary conditions are shown in Fig. 4 . The applied stress at the inner edge of the coating (r = b) was 100 MPa. For the soda-lime glass substrate, Eg = 70 GPa and Vg = 0.25, and for the epoxy coating Ee = 3.60 GPa and v" = 0.38.
Quarter-point elements were placed at the crack tip to produce a square-root singularity in the stress field at the crack tip as an approximation to the stress singularity at the bimaterial interface.
2 The mesh in Fig. 4 was modified by adding or subtracting elements from the loaded edge of the coating at r = b so that results were obtained for three different values of the ratio c/b: 1.68,2.46, and 4.57. An additional analysis was performed for c/ b = 2.46 with a finer mesh to insure that the solution was convergent.
The output of the finite-element analyses consisted of nodal displacements. Figure 5 contains a plot of the distorted mesh for clb = 2.46. It is seen that there is a gap between the coating and the substrate. This is in agreement with the experimentally observed interference pattern that shows that the coating lifts off the substrate above the debond region. Based on the crack opening displacements for the first four nodes adjacent to the crack tip, the average strain energy release rate for the three values of clb were calculated with the following equation~ 10:
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(Ae + Ag)r where v and u are the crack opening displacements in the opening and shearing modes, respectively, from nodes along the crack surfaces, r is the distance between the nodes and the crack tip in the undeformed mesh, and the terms). and A are given by
where j.1 is the shear modulus of glass or epoxy, and € is given by
Equation (7) is derived directly from the displacement field at the tip of a crack at a bimaterial interface and was originally applied to finite-element results by Liechti and Hanson. x In Fig. 6 the calculated vahK':=; of G are compared in normalized form to the prediction of Eq. (5). To normalize the finite-element results, the ela.stic modulus of the epoxy coating was used (3.6 GPa). It is seen that the agreement between the finite-element and the analytical solution is quite good. It is also evident that the strain energy release rate decreases as the crack extends, in agreement with the observed stable crack growth.
RESULTS
Figures 7 and 8 contain plots of the measured coating hardness and the debond crack size as a function of indenter load. With both sets of data there is some scatter, especially for low indenter loads and thin coatings. This scatter is due to the increased uncertainty in the contact diagonal and debond crack size measurements at low loads with thin coatings. Nevertheless, it is evident that the coating hardness (Fig. 7) is essentially independent of indenter load, consis- 5 . . , . . . . -------------------, tent with the assumption used in deriving Eq. (6), and that the observed relation between indenter load and crack size (Fig. 8) is in good agreement with the predicted trend ofEq.
(6), c ex pl12. Values of the interfacial fracture energy for each data point in Fig. 8 were determined using Eq. (6). For all thicknesses the elastic modulus of the epoxy coating was taken to be 3.6 GPa, Poisson's ratio 0.38, and the coating hardness 238 MPa. The average and standard deviation of the interfacial fracture energy values for each thickness are shown in Fig. 9 . While there is some scatter in these results, the interfacial fracture energies are independent of thickness with an average value of 25.2( ± 8.7) J/m (1"11)
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:LJ, in Fig. 11 . Based on the average of the peak load values for the three specimens, the crit~cal energy release rate for cr:ck propagation G c was determmed to be l5.0( ± 0.4) .J/m .
The differences in the interfacial fracture energIes measured by the three techniques can be attributed to the different relative amounts of mode-I (opening) and mode-II (shearing) crack loadings in the three specimens. The relative amounts of mode-I and mode-II loading in a given test can be quantified by the phase angle which for small E is approximately tan-1 (UIV).5.11 For the epoxy/glass interface studied here, E is equal to 0.056. Note that a phase angle of O· corresponds to pure crack opening loading, while a phase angle of 90· corresponds to pure s~ear !oading .. Values of the phase angle associated with the mIcromdentahon test were calculated from the crack opening displacement for each value of c/b. In Fig. 12 the calculated values of phase angle are plotted as a function of cl b. I t is seen that the ph.ase angle varies from 45· to 55·, depending on the crack SIze. Since the ratio c/ b for the data in Fig. 8 was between 2 and 3, the phase angle for the indentation results is about 54° based on the results in Fig 12. For the double-cantilever test, the specimen is subjected to pure mode I loading so that the 
... phase angle is 0°. For the four-point flexure-beam test the phase angle has been determined to be 41°. 5 In Fig. 13 the interfacial fracture energies from the three different tests are plotted as a function of phase angle. The observation of increased fracture energy with mode-II loadings, which is seen in Fig. 13 , has been made by many researchers. 2.5.12-14 In one particular study, 5 a phase angle versus fracture energy curve similar to Fig. 13 was measured in a system consisting of a thermoplastic adhesive bonded to glass. In this case the authors concluded that the increase in fracture energy with phase angle could be due to crack tip plasticity and a nonplanar interface.
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The absolute values of interfacial fracture energy measured in this study can be compared to values obtained by Liechti and Hanson H for an epoxy system consisting of a modified bisphenol A resin with an amido amine hardener and soda-lime glass substrates. Using a blister test, which has a phase angle of about 33°, the interfacial fracture energy was found to be about 33 11m2, which is similar to the values found in this study.
It should be noted that the model presented in this paper for indentation induced debonding of soft compliant coatings on rigid substrates differs significantly from that devel- oped for coatings having similar elastic properties to the substrate.
.
16 This latcH model assumes that the driving force for an interfaciRl crack is the residual indentation stresses that arise on unln"ding. whereas the model pre:~ented herein assume;; thilt the: ::khond crack is driven by Wl1tact stresses on loading. The m:Ad based on residual indentation stresses predicts that tnt &:::pendency of the debond crack size on indenter load is to the. ~ power rather than the! power which is predicted for ddl0nd cracks driven by contact stresses. Clearly, the data for a soft compliant coating on a rigid substrate (Fig. 8) llgnx:s with the contact stress model.
SUMMARY
A methoo(;lngy has been developed whereby mixedmode interfad.,:,} fn:d:ure energies of thin polymer coatings can be measlln:d by the microindentation technique. The analysis was c0fdirK,ed with finite-element analysis and experiments on a m<:d~l system consisting of epoxy coatings on soda-lime gl::;:;:;:s :;;;lbtrates. The microil'laentation technique has thre-c m~~k, advantages over cDnw.:ntional techniques_ First, there is no special sample sizeor ttometry restrictions. ~;:cond, the indentation-induced debond crack grows in a stable fashion so that multiple measurements can be made on a single specimen. Third, and most importantly, the technique can be used to determine both the interfacial shear strength associated with crack initiation I and the interfacial fracture energy associated with crack propagation.
